Abstract-
I. INTRODUCTION

R
ECENT advances in heterostructure tunnel diode detectors provide a potential alternative to Schottky barrier diodes for millimeter-wave imaging and high data rate wireless communication [1] - [6] . These detectors are characterized by a fast response time, high cutoff frequencies due to small device capacitances, good sensitivity, and feasibility for monolithic integration in integrated circuits. One of the distinctive features of the devices is an enhanced temperature stability, which is linked to the temperature-insensitive tunneling mechanism of the detector current. This is in contrast with the exponential temperature dependence of the thermally activated current in Schottky diodes [9] . The effect of the temperature is particularly strong in zero-bias Schottky detectors, for which the voltage sensitivity S V is inversely proportional to the saturation current S V ∼ 1/I S [10] .
Our previous studies were focused on characterization of zero-bias GaAsSb/InAlAs/InGaAs tunnel diode detectors at frequencies below 220 GHz [7] . This brief describes on-wafer measurements of the detectors in 220-330-GHz band and investigation of the temperature stability at T = 17-300 K. The diode structures employ an antimony (Sb) containing GaAsSb layer in staggered bandgap alignment, and the InAlAs barrier enabling a more versatile optimization of the device parameters compared with the Esaki tunnel diodes. The structure is lattice matched to InP substrate and is compatible with monolithic integrated circuits processing. The goal of the measurements was to determine the sensitivity, obtain the parameters of the small-signal model and to evaluate temperature stability of the device characteristics.
II. DEVICE DESCRIPTION
The epilayer structures of the devices were grown by metalorganic chemical vapor deposition (MOCVD) on 3-in InP substrates. First, a lattice-matched 200-nm i-In 0.52 Al 0.48 As buffer and n + -In 0.53 Ga 0.47 As (200 nm) cathode layer were grown. It was followed by a moderately doped n + -In 0.53 Ga 0.47 As (30 nm) layer providing the optimal band structure control of the depletion region adjacent to the tunnel heterostructure, which was formed by the layers of n-In 0.63 Ga 0.37 As (8 nm), i-In 0.52 Al 0.48 As (5 nm) barrier, and p + -GaAs 0.51 Sb 0.49 (30 nm). The anode contact consisted of the n + -In 0.8 Ga 0.2 As (11 nm) ohmic layer and n + -In 0.53 Ga 0.47 As (80 nm) ohmic cap layer. The contact pads for on-wafer ground-signal-ground (GSG) probe measurements were implemented in coplanar waveguide (CPW) and Au-based interconnect between the CPW plane and the contacts of the detector were formed after passivation of the processed devices using the benzocyclobutene (BCB) dielectric. Other aspects of the design and fabrication technology can be found in [4] .
A band diagram of the tunnel diode is shown in Fig. 1 . A nonlinear current-voltage characteristic at zero-bias results from the quantum-mechanical tunneling between p + -GaAsSb and n-InGaAs layers. Under the forward bias the InGaAs bandgap blocks the tunneling current, while the reverse direction of the bias leads to a large backward current in the device. The InAlAs barrier of 5-nm controls the tunneling current in the device and reduces the diffusion current at the forward bias.
The nonlinearity of the current produces the square-law rectification of the input signal. In case of the lossless 0018-9383 © 2015 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information impedance match at the input of the diode, the current sensitivity S C [A/W] is defined as the ratio of the detected short-circuit current to the time-averaged signal power incident on the device. To describe the sensitivity by means of the nonlinear device model a Taylor polynomial function I (V ) is fitted to the measured current-voltage characteristic at a selected bias point. The ratio of the quadratic and linear polynomial terms provides a theoretical limit of the impedance matched current sensitivity
when the total signal power is absorbed in the nonlinear resistance of the device R J = (∂ I /∂ V ) −1 [10] ; the equivalent circuit of the diode is shown in the inset to Fig. 1 . Considering that the power is also dissipated in the parasitic series resistance R S , the sensitivity S C at a frequency f can be expressed as
where C J is the equivalent junction capacitance parallel to R J [10] . Related formula for the impedance-matched voltage sensitivity, which is defined as the ratio of the opencircuit voltage to the power absorbed in the device, can be written as
III. EXPERIMENTAL RESULTS
The samples of the GaAsSb/InAlAs/InGaAs tunnel diodes were measured on-wafer using a vector network analyzer with WR-3 (220-330 GHz) frequency extension module and waveguide 50-μm pitch GSG probes. The signal power coupled into the devices through the GSG probe was below −18 dBm.
Measured current-voltage characteristics revealed a weak temperature dependence of the current, which is illustrated by the measurements of 0.8×0.8 μm 2 mesa diode at T = 17 and 300 K in Fig. 2 . The characteristics exhibited a nonlinearity at zero bias and the negative differential resistance region at the forward bias with the peak-to-valley ratio of 4.3 at T = 300 K and 8.3 at T = 17 K. Position of the valley at T = 17 K was at a higher bias than at T = 300 K, which is consistent with the widening of the InAlAs bandgap at the low temperatures (Fig. 1) . Temperature dependences of the current sensitivity S C0 and the junction resistance R J are shown in the inset to Fig. 2 . The sensitivity decreased [9] . The simulated trend lines for the current sensitivity S C0 and the junction resistance R J of a zero-bias Schottky diode are shown in the inset of Fig. 2 . The data were calculated using the following parameters of the device model: I S = 11 μA, R S = 19 , R J = 2.6 k , the ideality factor η = 1.13, and T 0 = 300 K.
A bias dependence of the sensitivity S C0 is shown in Fig. 3 . With increasing bias the sensitivity increases and at a bias of 4 nA (35 mV) exceeds the theoretical limit for an ideal Schottky diode S C0 = 20 A/W at room temperature. Potential improvement in the performance is limited by the flicker (1/ f ) noise, which increases with the bias and could result in insufficient signal-to-noise ratios for some applications. Measured reflection coefficients = S 11 and deembedded parameters for two devices are shown in Fig. 5 . The reference plane was set at the GSG probe-tips by performing two-port (short, open, load, and thru) calibration on the standard calibration substrate at 220-330 GHz. To deembed the characteristics of the diodes, two-port S-parameters of the probe-pad structure were calculated in 3-D planar momentum electromagnetic simulator (Fig. 4) . The measured and deembedded S 11 values were used to extract the parameters of the equivalent circuit of the device shown in Fig. 5 , where C P and L P are the model parameters for the probe pad structure. The extracted parameters for 0.8×0.8 μm 2 sample at zero bias were C J = 3.8 fF, R S = 130 , and R J = 8 M and for the pad parasitics C P = 4.8 fF, L P = 26 pH. The cutoff frequency of the device was f C = (2π R S C J ) −1 = 322 GHz. The parameters for 0.5 × 0.5 μm 2 diode were C J = 2.8 fF, R S = 280 , R J = 27 M , and f C = 203 GHz. Increased R S in the 0.5 × 0.5 μm 2 sample is tentatively attributed to the effect of the wet-etch undercutting of the mesa structure; portion of the R S is composed of the resistance through the undepleted semiconductor material, which is inversely proportional to the cross section of the mesa.
Measured voltage sensitivity S V of the 0.8 × 0.8 μm 2 mesa diode is shown in Fig. 6 . The S V values were calculated as the ratio of the open-circuit voltage, which was measured by a voltmeter (input resistance >10 G ) connected to the bias-tee of the probe, and the incident signal power at the probe-pad structure of the diode. Output power of the WR-3 frequency extension module was calibrated by a calorimeter attached at the output waveguide port. For calculations of the detector sensitivity the calibrated power values were adjusted for losses in the connected waveguide and the GSG probe (combined insertion loss 6.4-8.3 dB over the WR-3 band).
Measured values of S V = 1.0-1.7 mV/μW in 220-330-GHz band were comparable with the sensitivity of the state-of-the-art Schottky diode detector reported in [11] . Simulated values for deembedded device in Fig. 6 were calculated from the formula
. These data show a theoretical sensitivity limit for the impedance-matched detector. Because R S R J , the asymptotic values of 2 , which indicates that the sensitivity is determined by C J and R S . A reduction of the series resistance R S = 130 will improve the sensitivity and increase the cutoff frequency.
The noise of the detector is limited by the thermal noise in the junction resistance R J = 8 M . At T = 300 K the RMS noise voltage per square root of a unit bandwidth is V N = (4 k B T R J ) 1/2 = 0.37 μV/Hz 1/2 , which corresponds to noise equivalent power NEP = 370 pW/Hz 1/2 for a given voltage sensitivity S V = 1 mV/mW. This value is a factor of 20 higher than the NEP of the Schottky diode reported in [11] . To improve the NEP the junction resistance R J can be reduced by changing the thickness of the InAlAs barrier.
Our estimations indicate that R J < 100 k is feasible by decreasing the InAlAs layer thickness from 5 to 3 nm and optimizing the doping profile in the heterojunction region. Similar R J values have been observed in conventional InGaAs Esaki backward diodes [12] .
IV. CONCLUSION
We characterized GaAsSb/InAlAs/GaInAs tunnel diodes for zero-bias detection in 220-330-GHz frequency band. The nonlinear resistance of the diode at zero-bias produces the square-law rectification of the input signal. The diode with 0.8 × 0.8 μm 2 mesa size achieved the sensitivity above 1000 V/W that was limited by the series resistance R S = 130 and the junction capacitance C J = 3.8 fF. The cutoff frequency was f C = (2π R S C J ) −1 = 322 GHz. The devices demonstrated the enhanced temperature stability compared with zero-bias Schottky barrier diodes. The expected variations of the sensitivity over the temperature range from 17 to 300 K were S V (17 K)/S V (300 K) < 1.7 dB.
